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PREFACE. 

The  proposed  change  of  motive  power  for 
the  Illinois  Central  Railroad  hae  herein  "been  pre- 
aentea  in  three  parts: 

The  First:  the  Derivation  of  the  required 
central  station  capacity;  the  second  -  the  system 
of  distribution;  the  third  -the  design  of  the  central 
station. 

In  the  first  part,  many  aseuniptions  had  |o 
be  made   concerning  the  actual  road  conditions,  as 
exact  information  was  not  obtainable. 

In  the  second  part,  the  overhead  construc- 
tion only  was  taken  in  consideration. 

The  third  part  is  mainly  presented  by 
dravvings  and  diagrams  as  found  in  the  back  of  this 
text. 
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INTRODUCTION. 

To  obtain  a  clean-cut  report,  certain 
limitations  had  to  be  placed  on  auch  a  large 
problerr.  as  that  under  consideration;  the  gener- 
al arrangement  of  the  layout  and  the  working  of 
typical  problems  rather  than  the  presentation  of 
detailea  plans  anu  specifications  being  the  main 
object. 

Aleo,  the  discussion  of  the  probable 
operation  advantages  to  be  gained  by  the  elec- 
trification, as  observed  from  other  roadd,  fall 
outside  the  scope  of  this  problem,  as  well  as 
any  speculations  concerning  financial  returns 
and  outlays  after  the  change;  but  it  can  be  said 
that  the  commercial  success  of  electrification  is 
a  question  of  density  of  train  movements.   It  has 
been  found  that  a  road  must  operate  10  trains  each 
way  per  aay,  or  average  a  haul  of  1,000,000  ton 
miles  per  day  per  100  mile  division,  to  show  a  net 
gain  for  electric 
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operation  over  steaa .operation.   Fot  only  the 
net  haul  per  mile,  'out  also  the  po'^er  consurrii>- 
tioB  per  liile,  which  Ib  only  partly  dependent 
upon  the  tonnage  hauled,  wants  tc  be  consid^ 
ered,  and  from  present  ccnaitions  it  has  been 
found  at  least  100-kw.  per  mile  of  single  track 
must  be  consuoied  before  electrification  should 
be  conaidered. 

That  these  reciuirenents  are  fulfilled 
on  the  road  section  under  oorisideration,  the 
following  pages  will  show;  but  these  are  not 
the  only  points  that  ca.U3e  the  electrification 
to  be  a  success  frcm  the  coaiitercial  point  of 
view,  as  dea'.on- tratea  by  the  many  tunnel  elect- 
rifications; truly,  the  prime  coneidsration  in 
theee  instances-  was  relief  from  congestion  in 
single  track  tunnels  and  elimination  of  smoke. 
But  the  extremely  1ot*\<  load  fsctors  in  these  in- 
stajjations  are  a  serious  handicap  to  successful 
operation  and  an  expensive  item  to  the  company 
in  spite  of  the  fact  that  the  road  section  is 
taxed  to  capacity. 
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To  Judge  frcn;  the  present  train  schecU 
ule  of  the  roaJ  section  under  oonsideraticn,  the 
l03d  factor,  both  frcn^  hour  to  hour  and  from  sea^- 
Bon  to  season,  should  be  rather  high  so  that  the 
conibined  rated  kw.  capacity  of  all  apparatus  is 
close  to  that  in  use  for-  norn.al  opcratioB. 
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PART  I, 


Derivation  of  Station  Capacity. 
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Present  Physical  Condition  of  Road  Section. 

The  Chicago- Clin  ton- St.  Louia  tranch 
of  the  Illinoia  Central  P.,R,  Co.  is  a  atandard 
gauge,  aouble  track  300  f.lle  section  of  the 
coriipany'e  re, 11. road  .yetsm,  moatly  level,  with 
a  cohort  1.4fJ  grade  near  Litchfiela. 

The  company  operates  2  passenger  trains 
and  S5  freight  trains  per  day  each  way;  the  lat- 
ter complete  the  run  in  15  hcura,  having  a  scheci-- 
ule  speed  of  300/15  equals  20  n.iles  per  hour; 
the  trains  make  an  average  of  El  stops  durir.g  the 
run,  the  stops  being  nearly  equally  spaced,  the 
length  of  each  run  being  an  average  of  300/21=14.3: 
iLilea.   The  time  cf  run  is  accordingly  14.3/20 
times  60=43  min.   The  duration  of  the  atop,  due  tc 
coupling  and  uncoupling  of  cars  or.  the  siding  and 
n:a,king  out  the  train  men's  papers,  is  about  10  n.in« 
£0  that  the  average  running  time  i&  reduced  to  33 
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mtn. ,    with  an   average    spesd  of  14.3/33    times  60 
=  26  miles  per  hour.      The   distance   between   trains 
when  equally   spaced,    ia   20x41/60  =   13.7   milesj 
'vhere   41  =  £4.60/35  =   time    in  minutes  between 
trains.      At  any   time,    there   are   2x300/13.7  =  44 
trains  on   the   300   mile    double    track   section. 
Fron   these    considerations,    the   graphic   time   table 
was  laid  out   for   the   Clinton   section,    (fifty  miles). 

The  average   train   is   made  up  of   70 
card  weighing  40  tons  each,    with  a  locomotive 
weighing  200   tons.      From  this,    the   total   tonnage 
moved  per    day  of  £4  houra   is   2x300x35x3000  =  53,000,000 
ton  miles,   or   53,000,000/6  =   10,500,000   ton  miles 
per  day  per   single   track,    per   100  mile   division. 
If  it  be   considered  that   to  move    this  tonnage   at 
the   required  scheaule   a  power   of  0.746x26x3000x5, 
280x10/33,000x60  =   1,540  -    Kva  per   train;    or   1,540 
x44  =  63,000  Kva   total   on    the   road  are   required. 
If  an  overall  efficiency  of   75^^   is   assumed,    it  may 
be   estimated   that   a  total  of   '  ^^0,000- kw.    axe   re- 
quired to  do   the  work  of  the  present   steam  loco- 
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motives.      Aleo,    ,vhen   the   preformance   of  other  eleo- 
tified  roads   ia  considered,    it   is   found  that   it 
takes  about  40  ivatt-houra,   per  ton  mile,   at   the 
station;    then,    53,000,000x40/24  =   105,000-kw.    at 
the   station  allows  another  estimate   of  probable 
size    of  the   generating   station. 


8. 


T  B. 


Considered  Shange  of  Motive  Po'^er. 


Experience  seema  tc  ccnfirrr.  the  state- 
ment  that  one  large  central  station,  favorably  lo- 
cated, with  cheap  and  abundant  coal  and  water  sup- 
ply, ie  just  as  ptobable  to  give  reliable  contin- 
uous service  at  the  san.s  or  even  less  coat,  at  the 
locomotives,  as  two  or  aiore  station  spread  along 
the  line,  and  leas  favorably  located.  Provision 
in  this  layout  was  made  for  one  lar^e  central  sta- 
tion centrally  located  at  Clinton,  111.,  this  sta- 
tion to  be  a  steam  generating  station,  burning  soft 
Illinois  coal  with  a  coal  haul  from  mins  to  power- 
house of  21   miles,  generating  three  phase  current 
of  suitably  high  voltage,  to  be  tramsBiitted  to  trans- 
former sub- stations  fee  ding  energy  to  11,000  volt 
overhead  trolley  wires.   This  system  of  distribu- 
tion was  chosen  because  of  the  success  of  previous 
similar  installations  and  on  account  of  the  pro- 
bability of  this  system  being  adopted  as  standard 
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for  imerican  Crunk  rosde. 

Calculations  -vere  begun  fcr  a  trolley 
system  provicing  four  sufestaticns,  each  station 
serving  75  r.iles  of  double  track,  but  clue  to  au 
large  voltage  drcp  at  the  f-r  end,  the  number 
was  increased  to  six,  each  centrally  located  a^ 
long  50  miles  of  double  track,  feeding  single 
phase  current  for  £5  miles  each  way,  ^s  shewn  in 
the  EDheae  cf  connections. 
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Probable   Power  ConBunipticn  Under  New  System. 

To  make   a  more   accurate   estini&.te   of 
the   load  curve,   the  probable  power  consumption 
per   train  hsci  to  be   derived  from  the   speed- time 
curve   and   the   motor   characteristics.      In  order 
to  obtain  the  proper  mctor   specificstiona,   refer- 
ence v»aB  made    to    tra.in  reeiataiioe    curves  given 
in  varicua  hand-books,    also   caloulations   were 
made    from  various  empii'icsl    for/jiulaa  given   for 
train  r nd  locomotive   resistance.      Considerable 
variations  were    found   from  the   different   methods 
for   the   type   of  train   indicated  above;    finally   the 
values  in  the   follcv/inj  table  were  acceptea  as 
giving  a  fair  average   estimate,    detsr;.ined  from 

the  formula: 

a 

Train  PeaiBtance  =  4.0+.06V+,S3Vx(l+.lx(»-l) )  lbs. 

Locomotive  Resistance  =  22.  Sx250+,£4V  =  lbs. 
The  acceleration  reaistsnce  for  various  rates  of 
acceleration  was  calculated  from  the  formula: 

T  =  lOOWA  lbs. 
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|The  accompanying  table  and  curve  sheet  show  the» 
values  for  various  speeds  in  lbs.  per  motor. 

Total       Resist. 
M.H.P,   Resist.,  lea.  per  motor    Lbs.  yer  ton. 
Train,  Locom.    (8  liotors) 

10  10,400  5525  2000  4.7 

20  12,400  5600  £200  5.6 

.  30  14,800  5740  £500  6.7 

40  17,500  5900  2940  8.0 

The  drawbar  pull  at  any  tinie  v;ill  be  the 
sum  cf  the  ordinate^  of  the  train  resistance  curve 
for  the  speed  at  4hat  time,  and  of  the  accelera/- 
tion  resistance  at  that  time.   As  the  drawbar  pull 
for  that  class  of  cars  under  consideration  is   liird- 
tea  to  48,000  lbs.,  or  48,000/8  =  6,000  lbs.  per 
motor,  to  prevent  a  breaking  of  the  train^  the  al- 
lowable  acc^ation  force  haa  to  be  liirited  to  a 
value  of  6,000-2,250  =  3,750  lbs.  per  motor  at  startl- 
ing, the  train  reeiatance  bein^  about  2,250  lbs. 
per  motor  at  that  instant,  allowing  a  rate  of  accel- 
eration of  .32  m.p.h.  per  min. .   For  any  other  time 
after  starting  the  distribution^ of  the  various  re- 


«x^ 


►1   i  yj  Tis^i    .»•. 


».i  j;,' 


r         .EwJ 

(fa' 

__^.._ 

*  ^  'M 

a.c 

T,d 

^    *  t:        ♦.        ♦ 

I  ... 


,:(  .    1, 


^^sm^mi 

^ 

^"^     SW\ 


^    0^0' 


y   ££00  ton  frcijhft-wn 


yocceptrarirn 


2foo 

^--- 

-^' 

Zooo 

-^ 

1500 
1000 

/ 

/ 

/ 

_^^^ 

soo 

/ 

/ 

"^OOO  /-tyi  fr4M  . 


^200  fin  tnln 


/fyf*  of  ci<c€2*mhim  • 


/ 

s 

10               If 

2a            2S 

02s           .OS- 
'S       -      '3.0 

,07s- 

'10             .125 

is              6.0             1.5 

35  .      , 

Mil*i  f.Jninuti. 


12. 


ei stances  and  the  consequent  rates  cf  acceleration 
were  plotted,  both  for  a  3000  ten  train  and  for  a 
2200  ton  train.   Froin  these  curves  the  slope  of 
the  corresponding  apeeo-time  curves  was  obtained 
graphically  and  then  transposed  to  give  the  accel- 
eration part  of  the  speed-time  curves.   From  these 
curves  and  the  train  resistance  curves  the  specif- 
ications for  the  motors  were  obtained.   An  inspec- 
tion of  the  curves  gives  the  follO'Jving  performance 
requirements; 

To  give  a  tractive  effort  of  6000  lbs. 
for  10  ixiin.  at  lo/v  speed;  to  give  a  tractive  eff- 
ort of  2466  lbs.  at  a  speed  of  27  m.p.h.,  at  less 
than  rated  voltage  without  exceeding  the  contin- 
uous current  rating. 

As  special  informatijn  on  r-^.ilroad  mo- 
tors T^as  not  obtainable  frou.  th.  manufacturing 
company's,  recourse  -vas  had  tc  the  railway  motor 
characteristic  curves  as  given  in  Ritchey's  rail- 
way hand-book  cf  1915.   Of  these  motor  require- 
ments, only  one  came  up  to  the  specifications,  in 
fact  sliu^htly  exceeded  them.   But  5^  one  of  the 
limitations  cf  steam  locomotives  is  their  small 
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^verloaa  caizacity,  tending  tc  reduce  the  elas- 
ticity of  service  as  required  by  the  everehang*. 
ing  demarids  on  the  road.   It  ivould  be  unwise, by 
installing  electric  units  of  too  limited  capacity 
to  offset  the  principle  advantage  that  electrifi- 
cation offers.   While  for  a  rail^vay  with  frequent 


stops  and  short  runs,  maximum  rates  of  accelerati 
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and  resulting  long  coasting  govern  the  gear  ratio 
and  thus  the  powsr  coasuir.ption;  for  trunk  roads 
the  coasting  period  is  prs otically  nil,  and  the 
main  portion  of  the  pov-er  consumption  occurs  while 
operating  at  uniforni  rraximuir,  speed.   But,  the  prin- 
ciple requirements  of  a--  Icconiotive  mo+;or  is  to 
exert  large  tractive  efforts  st  low  speeds  during  ex- 
tended periods  without  overheating. 

A  reprint  of  the  curves  is  found  in  this 
text,  with  a  slightly  increased  gear  ratio,  so  as 
to  give  a  maximum  speed  of  30  m.p.h.  at  full  volt- 
age to  a  SOOOton  train,  without  exceeding  the  con- 
tinuous rating]  for  lighter  trains  s.na  lower  speeds 
the  efficiency  or  po/.3r  factor  Ib  not  materially 
lowered  as  the  motors  are  supposed  to  be  controlled 
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ty  oompen?,ator8  allowing  various  voltages  tu  be 
impreesed  on  the  motor  terminals. 

From  these  performance  curves  3.nd  the 
maximum  allowable  rates  of  acceleration  as  de- 
termined  from  the  resistance  distrioution  curves, 
the  speed- time  curve  was  plotted  for  trains  of 
3000  and  2200  tons,  for  300  and  260  volts  acro.s 
the  mctor,  for  a  diatence  of  14.3  rriles,  to  be  - 
covered  in  33  min. .   This  allows  for  a  large 
flexibility  of  service,  making  up  lost  time  or 
keeping  up  schedule  under  adverse  conditions. 
From  the  current  consumption  as  ob- 
tained from  the  uiotor  chira:;teriBtic  curves  and 
the  voltage,  the  power  conaumption  curve  was 
plotted.  JDue  to  high  train  resistance,  coasting  for 
any  appreciable  time  was  cut  of  the  question,  ex- 
cept a  few  minutes  before  applying  the  brakes 
previous  to  making  a  stop. 

From  this  power  consumption  curve  per 
run  and  the  graphic  time  table,  a  load  curve  for 
a  period  of  five  hours  was  compilea  for  a  50  mile 
section  of  the  road,  giving  th-e-  average  load  char- 
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acteristice  for  one  sut- station.      Tc   obtain  the 
load,  curve   for   the   central  etati.n,    the   ordi- 
nates   ^f  the    sub-station   curvi^s   for  eqcal   tiiLSa 
must  be  ad^ea;  as  the   ratio (aax.    loa(.y(^.ver,    loau) 
=  1.2£  only,    it   is  assumed  that  by  judicious  train 
dispatching  the  overload  capacity  of  the   central 
station  takes   care  of  any  penka  that  may  occur   in 

the   load  curve.      From  the   current   curve   of  the 
speedrti^s    curve,    the   average   current   and  the   n:ftan 

effective   heating  current    vers   determined  and  tab- 
ulates as  follows: 


Time  Current 

(mtnutea)    p.  m. 


Current  Volts 
.p.  m» 


KVA 

Povver 
p.    m. 


Total 
kva.   p. loo 


1 

1300 

169a 
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90 
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Taking   the   area  of  the   apparent  power   curve,    we 
fina  it   contains   102,000  kva  hcurs,    for   14.3  miles 
for  300   tons,    or   28. S  kva.    per   ton  mile.    Multiply- 
ing by  an  efficiency  ana  power   factor,    as    seen 
from  motor   characteristic   curvesc,    we   get   23.7x8Sx 
90  =  22.2  watt-hours  per    ton  mile  on  the   trolley 
section.      The   average   apparent  power   taken  by  all 
the   motors   is   13,900   kva.    as  observed   from  the   com- 
ponent  load  curve;    assuming  an  efficiency   of  95^ 
of   the   conversion  apparatus   in   the   locomotives,    the 
power  tsiken  by  the   latter   is   13, 900/. 95  *  14,600 
kva.      The  po>i(er   lost   in  the   trolley,    vihen  it   is 
assumed  that   the   total    current  passeg   through  one- 
half  the  length,    (assuming  uniform  current   drain- 
age)   is;    for   14,600,000/4x11,000  =   330  amp.,    and 
25/2  =  12.5  miles   double   4/0  B.S.    Gauge,    of  =.258 
ohms  par   rr.ile.       Then,    I^R  =   3Z0^x{,Z5B/2)xl2.5  = 
180-kTAi&.      Therefore   apparent  pcver   delivered  per 
sub-station  equals   14,600  +    4x180  =   15,320-kva. 
For   six   sub- stations,    exclusive   transmission  line 
loss,    the   po'ver  at   the   central   station   is  6xl5,i520= 
92,000-kva. 
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PART      II,      , 
Distributing     Syatem. 
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A. 


Economic      Caloulatiorjs* 

In  figuring  on  the   over-head  construc- 
tion,   the    rroce£uure  as   outlined  in  Still's    "Over- 
head Electric  Pcver  Transciseion",   vv-ac   followed, 
based  on   the  principles   of  Kelvins   Law   for   deter- 
mination of  the  econoniic   drop.      Aa  a  duplicate 
transmission  line   is  used,    the  voltage   drop  per 
rcile    for   the    sir^ls  lir.e   7.-a3   taken  as   3/2   of   the 
calculated  econorcic  value,   giving  for  normal  oper- 
ation,   when  both  lir.es   are   connected  in   parallel, 
a  drop  of  only  3/4  of  th=i    econcn-ic   value.      This 
allovifs   the  use   of  out  one   line  without  excessive 
losses.      The   empirical    formula   for  estimating  a 
proper   transnissicn  voltage   would   indies te  a  line 
pressure   of  about   100,000  volts.      But,   when   the   pro- 
per  size   cf  vrire    .jas   calculated   from   the   allcvable 
drop   and  the    -tvera-Ae   current  per   wire,    it  was    found 
that  this  size   of  wire  woulfl  not  withstand  the    stres- 
ses  ,    due    to   adverse   loading  on  300   ft.    spans  with- 
out giving  it    an  excessive   ef^.      When  taking  a 
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-  vitire  of  proper  mechanical  strength,  only  a  lit- 
tle is  adaed  to  the  cost  of  copper,  while  a  heav- 
ier current  carrying  capacity  is  obtained,  con- 
sequently a  lower  voltage  can  be  used,  -vhich  al- 
Icv/a  ^  closer  spacing  of  wires  and  cheaper  insul- 
ation, also  lower  structures.   To  meet  all  the  re- 
quirements of  economic  power  transmission,  66,000 
volts  vvere  used,  which  allowed  the  transmission 
line  to  be  equally  strong  both  mechanically  and 
electrically. 

Calculations. 

Total  Kva  transmitted  per  duplicate  line:- 

As  far  a3  1  sub-station,  (?5  miles )--50, 000  Kva. 

As  far  as  £  sub-station,  (75  miles)— 34,000  Kva. 

As  far  as  3  sub- station,  (l£5  miles)- 17, 000  Kva. 

E  =  5.5   25  +  50,000/(200x.748)  =  105-kva. 

E  =  5.5   75  +  34,000/ (200x. 746)  =  95- kva. 

E  =  5.5  125  +  17,000/ (SOOx. 746)  =  35-kva. 

Economic  voltage  arop  V  =  8. 1  \f(axp]/ (p,x.  746) 
a  =  ^  depreciation,  (assumed  10^) 
p  =  cost  of  copper,  (assumed  ^20  per  lOOlbs. ) 
p,=  cost  of  energy,  (assumed  1^16.3  per  Kva. year) 
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t'=  8.1\((l0x20/l3.5)  *  3/S  =  48.5  vcltg  per  mUe. 
Adopting  a  line  pressure  cf  66,00C  volts,  '-ve  havd, 
for  current  per  wire:- 

I  =  50,000/(  3x53)  =  440  an.p.  ,  in  &5  u.ile  section. 
I  =  34,000/  (  3x66)  =  300  amp.  in  50  mile  section. 
I  =  17,000/ (  3x66)  ■=   150  an;p.,  in  50  aile   eection. 

To  h-^ve   a  drop    ^^f  48.5  volts  per  irdle,    the 
resistance  per  ccnductcr  .r.ust  be:- 
P  =  E/l  =  48.5/440  =   .110,    in  25  mile    section, 
p  =  E/l  =  43.5/300  =   .16£,    in  50   nils    section. 
R  =  E/I  =  43.5/150  =   .324,    in  50   iidle    section. 
From  ■•.'Sire   taoles,      e    find:- 

Cir.    nils.      area.        ohir-s/mile      Rl/mile      total   drop 
500,000  ,393  .1095  48.46  1211 

300,000  .236  .1818  54.5  2740 

4/0  B.S.  .166  .260  59.0  1S50 

As   it  not  advisable   for  railroad  work 
to   take   a   snaller  v;irs    than  4/0  B.S.    with  a  re- 
sistance  of  only   .280/iX-ile,    instead  of   .324  ohma     . 
as  really  woula  be   sufficient,    the   ndddle   part   of 
the   line   has  ^oeen  chosen   slightly  weaker  to  off- 
set  the   surplus  carrying„oapacity  at  the   last 
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section.    With   these   vvires  ana  reepeotive   currents 
the  values   in   the    following  table   have  been  deter- 
mined: 


Cir.    aiils  Total   ohms, 

500,000  2.5£ 

300,000  9.1 

4/0   B.S.  13.0 


^^rr^z 


I.  I^R 

440  480 

300  310 

150  ?9C 


Loss  in  three  wires  =  3x1530  =  3  740-kw. 
i   loss  =  3740x100/43,000  =  3.15:^.,  for  one  line. 
When  both  lines  are  in  use,  the  resistance  to  the 
same  current  is  one-h=af  only,  or  4.075^. 

The  spacing  for  66,000  volts  between  wires, 
from  tables,  for  300  ft.  spans,  was  taken  aa  72", 
for  equilateral  arrangeaent. 

To  determine  the  regulation  of  the  line, 
the  probable  power  factor  had  to  be  estimated,  as 
follows: 
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in 

Motors 

90.6 

42,3 

Transformers 

i.5 

6.0 

Transn.iseicn  line 

IS.  6 

2S.2 

111.7  77.5 


111.7 
80S.    0  =  =====r^==-      =   .85; 

111.7   +    77.5 


Pegulation:- 

The    resistance, total  per  \vire(l25  rr.iaes) 
is  24.62  ohtts.The   reactance, for  various   eizea  of  wire 
i8,froffi   tables, for   72"   spacing, =(25x. 72C )+(. 291+.3o )5o 
X=  36.425  ohms. 

Taking   the   worjt   conaitaon,for   the    sub-station  at   the 

ena  of  the    line, with   the  powerfactor  =,85.ive   get   for 

the    capacity   Gurient,froQ.  tables      in  the    St. Handbook 

for  E.E.    I     =     38.3   airp.      Average    Current=  (440x25)+ 

(300x150)50/125;=   £44amp. 

FI=5S70vcl;t3  PL  ^S40volt3. 

XI=8750vclt8.  XI^=140Cvclts. 

Volts   to  ground=66,oco/f3=38,000. 

E  =  y(Ee+Xl8lni2  +RIcoti0  +XI^)--4  (XIcci|5+FI^-PIsinFJ^ 
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here  E  =generatea  voltage, for  a  supposedly 
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known  or  accepted  value  of  E^. Taking  aa  an  apro- 
ximaion  £^=52,000  V.  ;we   have    52, 000/'~3' =30,000  V, 
to  ground  at   the   sut»- station.    Therefore    ve  have 
E,,=    C5970X.  51+875OcO30+94"o7^3"O','cW-r375Ox'.  51+ 

+  59 70x .  3 5-liooli^i    or  E ^=33, 500, or  volts  be- 
tween  wires=38,500/'i/3  =  56,600  V.Thia   calculation 
shows, that  unier   full   load  conditions, 52, 000  volts 
can  be  expected  at    the   substation. This  means   a  re- 
gulation of      (66,5co-52,ooo)/S2,00C  =  ,28   ; 
In  checking  up   with  Merahon's   diagram, we  have: 

^resistance   volt -=100x5970/30, 000=  19.2^ 

foreactance    volts  =100x8750/30,000=  29.1'^^. 
From  diagram, pp.  73, Still, '=^regulaticn=   31   '^. 
From  this  ne  .    voltage   at    the    receavin?;  end  we   cal- 
culate   the   correct   current    in   the    last   section  as: 
1=   15,320, 000/ ^rTx52, 000=  170.1   aniperes/line/'.vire, 

This   !!.akes   a   difference   of    (170. 1-150)/150=  13.3?J. 

in  the   current   in   the    last    leg   of  the   line. 
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Total  Load:-  , 

For  the   last  two   sub- stations  at  either 
end  of  the  line,    the  central   station  load  vjili 
be;    2x3   x   170.1   x  67,000  =  39,500-kva.      For   the 
two  middle   sub-stations,   assuming  the   loss   to  be 
equally  distributed  along  the   line,    the   voltage 
will   be   58,000.      Load   for   the    sub- station  will  be 
2   X   15,320  X  67/58  =  35,400-k5ta.      For   the   two  near 
stations,    lead  equals   2  x  15,300  x  67/34  =  32,000 
kva. 

Total   required  capacity,    equals   39,500  + 
35,400  +  32,000,    or   a  total   of  106,900-kva.    When 
moving  63,000,000   ton  miles   a  day,    we  have    2,380, 
000,000/63,000,000  =  37.3   <«/att-hour3  per   ton  mile 
at   the   station.      With  2^.2  watt- hours  at   the  motors ^ 
we   have  an  over-all   efficiency  of  22.2   x  100  x  37.3 
=  59fo. 
No-Load  Current :- 

To  get  an  estimate  of  the  probable  load 
on  the  generators  when  no  trains  are  running,  the 
following  calculations  were  made: 
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Fnoffi  Tables  in  the  E.E.  St.  Handbook,  for  4/0 
B.  S,  Gauge  copper  trolley  'jvire,  spaced  150",  we 
find  the  current  per  single  wire  per  mile,  per 
100,000  volts  as  I  =  . ?10  amp.   For  600  miles, 
11,000  volts  this  current  would  bei: 

I  =  .210x600x11,000/100,000  =  13.3  amp.  for 
trd>lley  v/ire,  or  13.8  x  11,000  =  154,000-kva. 
For  duplicate  traneir.isaion  wire,  spacing  73", 
average  size  300,000  cir.  mils;  I  =  .270  per 
100,000  volts  per  mile;  for  4  x  1£5  =  500  miles, 
38,000  volts  to  ground,  we  have:  I  =  .27  x  500  x 
38,000  /  100,000  =?  53  amp.  per  wire,  or  53  x  3  x 
66,000  =  11,000-kva.   For  the  no  load  current  of 
the  transformers  a  value  equal  to  4:i.   of  their  com- 
bined rating,  or  2  x  100,000  was  taken;  equals  .04 
X  100,000  X  c  =  8000-kva.  Adding  vectorially  we  get 
154  +  11,000  -  3,000  =  3,154-kva. 

Corona  loss  will  not  be  evident  as  the 
voltage  between  wires  is  within  safe  limits  of  the 
critical  voltage  (170,000)  for  that  spacing  of  wires. 
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Mechanical  Calculations  of  Tranowiasion  Line. 

For  the   different   sizes  of  <«ire   as  previous- 
ly adopted,   the   following  table  \^a8  obtained  from 
the    St.    Handbook  of  E.E.,    Sec  2,    adopting   Claas 
B  of  loading  of  the  -^viree,   as  most  probable,   as 
observed  from  the   climatic      conditions  of  Wes- 
tern  111,;    naitely,    as   worst   conaitions  occuring 
siffiultaneoualy. 

Temperature- 20 

Wijid-43   miles  per  hour. 

Deposit   on  wires  =   cne-half   inch   ice    crust. 

Hard-drawn- strangled   cCpper   conductors. 

Load/ft. 
Cir.niile.    safe   tension  Vert.   Horiz.   Resultant 

500,000  11,750  1.525  2.345  2.640 
300,000  7100  ,915  1.585  2,000 
4/0  E.S.      5000     ,645  1.236    1.641 
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I~  From   the    safe    stress  per   vvire   as   obtainea 

from   the   previous   table,    .-.nd  tables   on  pp.    S32, 
St.    Handbook,   E.E.,    the   sag  per  wire   for  300 
ft.    span  ^vas  found  that   will   cause  a  stress  not 
greater  than  the   safe   stress. 

P  =   1875    X   2  X   2. 64  =   10,000,    for   ifc   sag. 
P  =   1875  X  2  «  2.00  =     7,500,    for  1%  sag. 
P  =  1417   X  2  X   1.64  =      4,650,    for  1.5^   sag. 
Also   the   length  of  .the  unstressed  ^vire   was 
found  from  tables   for   that   stress  and  span  to 
give   the  proper   say,   and  was  later  verifiea  by  the 
graphic  method  as  given  in^Still,    the   curves 
being  contained  in  this  text,   also   from  equa- 
tion L  =  1  +  (as^)/3a. 

Actual  length  of  wire. 
Cir.    n'lils. 

500,000  L  =  150.040  x  2  =   300.080   ft. 

300,000  L  =   150.040   x   2  =   300.080   ft. 

4/0   B.S L  =   150.090   x   2  =   300.130   ft. 

After  these  fundamental  data  were  secured, 
tension- sag  calculations  were  aade  by  the  anal- 
ytical method  for  various  other_load  and  wind 
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C|&-nlitions.      The   calcul.=  tions  were   carried  thrvu 
on   the   assuiaptior.   that   the    curve  -.vas   identical 
to   the    section  of  a  parabola.      This  assumption 
■jvas  prcvsa  to  be   approximately   correct  by  actu- 
ally  stringing   a  fine   braa3   chain,    80"   long, 
between  supports,    to  give   a  sag  of  Sfs,   and 
measuring   the   aeflecticn  at   the   sections  indi- 
cated in  the    aiagram.      No   deviation  was   founa 
from  the   calculated  values  of  the  parabola,   as 
shown  for  the   catenary   construction.      As  the   sag 
is  small,    the    j.ifference  between  the   tension  at 
the   center  of  the   span  and  at   the  point   of  support 
was   founa   to   be    small,    and  was   therefor  neglected; 
all  tensions  and  stresses  given  are   referred  to 
the   center  of   the   span,    calculated  from  the  for- 
mula  P  =  WL  /   8s,    where   P  equals   the    tension  in 
Ibs./sq.in.,   at    the   center  of  span,   and  W  is  the 
v/eight  per  foot  of  conductor;    L  is  the   spa^n      in 
feet;    &   is   the    sag   in  feet* 

When  the  wind  is  blowing  transverse  to  the 
direction  of  the  line,    the   loading,   and  therefor-^— 
the  stress  on  the   wire   is   increased;    this   increase 
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lis  taken  care   of  by  the  use   cf  a  factor  n  for     ' 
various  wind  velocity's  and  sizes  of  wire,   as 
given  "oy  curves  on  pp.    166,  _^Still'.      For  wind 
velocity  of  43  miles  per  hour,    the   following 
values  were  obtained  for  copper  conductors,    ice 
coated;    for  no  wind,   n  evidently  is  1. 
cir*   .nils.  n. 

500,000  1.6 

300,000  1.3 

4/0  B^S.  2.0 

This  factor  is  used  in  the  foririula  for  tension- 
sag  relations. 

T  =  .485  X  n  X  L  /  s  =  Ibs./sq.in. 
Once  convinced  that  the  safe  limit  of  stress  is 
not  exceeded  unaer  the  --vorat  assumed  condition 
of  loading,  the  sag  ana  tension  for  other  tem- 
peratures, without  ice  loading,  has  been  deter- 
mined ,  which  data  ivHi  t>e  of  use  when  stringing 
the  wires.   It  was  found  that  the  effect  of  the 
wind  on  the  bare  conductor  is  exceedingly  small 
and  there  for,:  n  v,'as  taken  -s  unity  in  the  tension- 
sag  formula,  when  figuring  on  bare  "S^iductors. 


Ui)£i- 


'  .JHecilev  *.aiiK 


->■? 


-■:  -iX^ 


iii-tn    ,-oC    »Q? 


V t#rT«^  ivt  a. 


\.^  *■ 


-C    #    .    -(^      V   * 


0i7 


»  ^  *  .  ♦  .1  *  L' 


\  J  r  a  .X  ?e*.  «  t' 


a  -jc' 


31. 


^Iculations;  '^ 

Sample,  worst  conlition  of  loading, 
cir.  mils  =3^6,000;  span  =  300ft.;  allowable 
safe  ten.^ion  =  30,000  los./sq. in. 

T  =  mnlk;  where  k  =  .485  for  coppsr.;  m  = 
1/s  =  100  for  ifc   sag.,  therefor, 

T  =  100  X  n  X  300  x  .485. 
for  n  --=  1,  tension  is  14,500  Ibs./sq.in.;  for  n 
=  2,  tension  is  £9,000  Iba./sq.in. 

When  the  extra  Icaa  due  to  ice  and  wind  is 
removed  the  stress  on  the  jvire  is  reduced  and 
the  sag  will  aiminish  due  to  elastic  contrac- 
tion, according  to  the  formula: 

Lg=  L  X'  T  /  M,  '.vhere  L^=   elottgation  due  to 
stress  T;  M  =  15,000,000  for  copper;  and  L  = 
length  of  span.   With  a  subsequent  increase  in 
temperature  however,  the  fl-ire  .vill  become  longer 
again,  according  to  the  relation; 

L  =  lOOdlt,  whereat  for  copper  is  .000.009.6, 
and  t  =  degrees  F.  temperature  rise.   That  tetn- 
perature  that  causes  a  sag  equal  to  that  under 
maximum  condition  of  loading,  and  mimimum  de- 
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Kxees  temperature,  is  callea  the  critical  tem- 
perature rise  equals  (T^-T);  T,=  (-20).   For 
various  wires  and  conaitions  of  loading,  the  fol- 
lowing values  have  been  taken  from  the  jurves  on 
pp.181.  Still.' 

No  wind  and  no  ioe. 


Cir  mils. 

We 

isHt/ 

span 

T 

T.~T. 

T. 

^lag. 

500,000 

465 

5300 

77 

57 

If^ 

300,000 

285 

3560 

90 

70 

lf« 

4/0  B.S. 

195 

1600 

97 

77 

l.Sfo 

Still 

170 

1100 

60 

40 

2f. 

These   values   -vere   claculatscl   from  the   formula; 
K-tJ   =C«.-   8sV   CXC  X    (bJb-D) 

As  this  equation  contains  two  unknown  var- 
iables^— saga  equal  to  those  under  worst  condi- 
tion were  assurried  to  calculate  critical  temper- 
ature, (to=  -30)  in  this  case,  and  corresponding 
tension  in  the  .vire.  Of  any  other  temperature, 
varioue  values  of  sags  were  solved  for  in  the 
formula,  and  the  corresponding  value  (t^-t)  ob- 
tainea;    from  this,    t^  being  knoi.'m,    the    temper- 
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fitture  in  degrees  F.    was  obtained^   and  the   cur^- 
vea  plotteo.. 

Sample   Caloulation. 
For  500,000  ciro.    mils. 
*U-t   =(G-    89'"/C)+(C(sys  -1));  t  =57   deg. 

C  =  8i*5^   72.  S,=  3   ft. 

C  =  3la  =  ?.6;        T  =  5800  Ib.aci. 
C  =  T  /Ma  =  40: 
For  9  ^     2ft. 

57  -t  =(72  -    32)/2.6  +   40x1.5=   75° 

t  =  57  -    75=-  --IBf 

For  S  =  2.5  ft, 

57  -t  =    (72-8x6. 250)/2.S  +  40x((3/2.50)-l) 

t  =  57  -15.5=40.5*» 
Tk«  sSme  calculations  were  carried  thru  for  the  oth- 
er vifires  ana  the  curves  plotted  giving  temperature- 
sag  relation.  From  this  and  the  tension- sag  curves 
as  determined  previously, the  temperature- tension 
curves  were  obtained, to  be  used  in  stringing  the 
wires.  For  the  bars  wires  ,the  factor  n  for  various 
wind  velocities  is  practically  unity  and  can  be 
neglected. 
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-  f        CATEMPY  OONSTBUCTION.  1   ' 

To  keep  the  trolley  ./ire  horizontal  and 
at  a  unifor.T.  height  of  22   feet  above  the  railheads, 
the  uouble  catenary  suspension  was  found  simple 
and  effective.   ?Jith  300  ft.  spans  a  sag  of  Bfo,   or 
6  ft,  /vas  found  sufficient  to  keep  the  stress  with- 
in safe  limits  at  the  asaumea  -vorst  conditions  of 
loading.  To  obtain  a  check  on  the  calculated  ordin- 
atea  of  the  parabola,  on  which  all  calculations  were 
based,  a  five  brass  chain  was  suspended  between  two 
sup-orte  at  the  same  level  and  the  deflections  from 
the  horizontal  were  measured  and  tabulated  as  fol- 
lows:   Sag  of  chain  =  ^t   =  Sx30/100  =  1.6"  For 
parabola,  Y^  =  SMX;   M  =  402/(2xl.6)  =  500.  y2  =  looOX 
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X 

1.6   X 

•0 

l.SO 

1.60 

.10 

1.50 

1.48 

.40 

1.20 

1.20 

.SO 

.70 

.665 

1.25 

.35 

.  353 

l.SO 

.0 

.0 

Drstance   ffom       Orciinates  Deflection  as 

center  of  epan  ireasured. 

T 

e 

10 
20 
30 

35 
40 

The  resultant  curve  was  drawn  and  the 
length  of  the  hangera  measured  and  expreaaed^feet 
as  shown  in  the  diagram.   Fifteen  hangers  were  used 
to  support  the  middle  v/ire  from  vvhich,  by  thirty- 
hangers,  ia  suspended  the  contact  vvire,  giving  it  a 
3/4  inch  sag  at  50°F.  for  10  ft.  spans.   The  entire 
catenary  systeiii  is  electrically  interconnected  and 
suspended  froiK  the  supporting  structures  by  strain- 
insulators. 

Loading  of  steel  cable: 
5/0  cable,  breaking  streas  =  16,520  Lbs. 
Resultant  per  ft.,  class  B  loading,  1.70  Lbs. 

Total,  300x1.70  =  510  Lbs. 
Pesultant  par  ft.  on  4/0  copper  conductors  =  1.641 

Total,  600x1.641  =  1000  Lbs. 


ssJja.Ti^S': 


d'!.i 


1 


Oi 


d£ 


.  i  ^      .  ^  *•  *i  i  . 


t  la 


?>dt  ?ti 


•  ■•-.■  *.<-' 


.    4,       ^   ^  .-    .*    J  -  I 


:*ie   0. 


o*Jnot;    bii^  *.& 


.^va 


,v*    - 


=^   iCjivs    ^ui.-^sTC    ^fcia-is   U\3 


36. 


Resultant  on  Springers,  60',  60x1.641  =  100  Lbs. 

Total  loading  on  cable  =  1610  Lbs. 

From  this,  the  tendion  in  the  cable  is 

7x^  =  1^=    (I610x300)/(3x6)  =  10,000  Lbs.  which  may 

8S 
be   considerei  safe. 

Temperature   Sag  flor  Steel   Cable. 

To  allo^^.f  an  estimate   of  the  vertical 
moveffient   of   the    trolley   with  various   temperatures 
without   no   load,    as   for    the    suciier  rconths    for   in- 
stance,   the    follov/ing   calculations   v;ers   made: 
Crtical  Temperature  Eg  57o 

Sc  =   6'    =  Bi 
ri(Steel)=   £5,000,000 

OC     =    .0000065 

K  =        430 

(Tc  -    T)   =   ^J^l^  +    03    (|iL  -    1)         Ci  =   3.5  =   310 

C2  S 

Gs   =   1.30 
C3   =17.0 

for   S  =   7:(Tc-T)=  ^}:9z?19.  +    (17.01)   =  -(15  +1.6).  T=103 

1.3  ' 

for    S  =   5:(Tg-T)=   310-200  +    (1.7    l.£5)=   63;    T  =  6." 

1.8 
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a 


This  8ho-^-s  that  for  a  maximun.  tempera- 
ture range  of  llQo  a  vertical  mevenient  of  one  ft. 
from  nonrial  is  to  be  expectea. 
Loaaing  on  Line  Support : 
(1)  Vertical  component. 

Take  the  heaviest  loaded  section,  the  on<^ 
carrying  the  500,000  cir,  irila  conductorsj  one 
half  only  of  the  supporting  structure  will  be  con- 
siderea  as  the  arrangerLent  is  symmetrical  and  each 
supporting  column  shares  one  half  the  load. 
(A)  500,000  CM.  Copper  Conductor  ^^^'  7oo^^Lbs^^  ^^'^ 
"    "    "     «       -  700    « 

*    "    "     "       "  700    " 

3  Suspension  type  insulators        1S5   " 
ice  or  snow  ®  45  Lbs. 

Steel  Protection  cable,  00,  TO   " 


2325 


(B)  Weight  of  Catenary  System 
Messenger  calls,  S  1.238 
£  Insluators,  S  20  Lbs. 
Stringers,  SO'  @  1.236 
2  4/0  Copper  Cond.  @   1,£85 
Total  Lbs. 


370 

Lbs. 

40 
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77 
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770 

« 
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(2)  Horixontal  CoHiponent,  transverse  to  line. 

3  X  500,000  CM,  Copper  Cona. ,  ®   1.213  1100  Lbs. 
3  Insulators,  15   " 

Steel  protecting  cable,  300  x  1.16      350   " 
Catenary  structure  930  " 

Total  Lbs.     2445   " 

(3)  Horizontal  Component,  parallel  to  line. 

Pull  in  500,000  CM.  Copper  Cables    30,000  Lbs 
"    "  2/0  Steel  protecting  Cable       640   " 
*    "  Catenary  messenger  Ca.ble      10,000   " 


Endstreas,  total,  on  anchor bridge     40,340 
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PAPT     3. 


DESIGN  OF  POWEP   PLANT 
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A.   The  boiler-house. 

SteafK  is  generated  at  200  Lbs.  pressure 
froiE  tvventy-four  1000  horse  power  units  of  B.A  W. 
boilers,  arrangecl  in  three  double  rows.   Feel  water 
is  suppliei  through  concrete  conduits  and  pumped 
through  feed  water  heaters  into  the  boilers  by  mul- 
tiple stage  centrifugal  pumps ariven  by  small  steam 
turbines. 

Mine  run  coal  is  furnished  to  the  coal 
hoppers  from  which  the  crushers  are  supplied;  these 
empty  into  the  endless  conveyors  vhich  fill  the  over- 
head coal  bunkers  at  the  boilers.   The  coal  is  burnt 
on  chaingrates  and  the  ashes,  as  well  as  the  fine 
unburnt  coal  falling  through  the  grate,  are  stored 
and  removed  at  intervals  by  the  same  endeleaa  con- 
veyor supplying  the  coal  bunkers;  the  unburnt  coal 
is  collected  at  the  tiir.e  the  coal  bunkers  are  sup-  ' 
plied,  \hile  the  ashes  are  collected  during  the  in- 
tervening- time  and  dumped  into  the  ash- storage  bin, 
located  right  over  the  railway  tracks;  a  swing  spout 
operates  the  ash  valve  which  allows  easy  filling  of 
the  cars;  a  water  spraying  arrangement  is  provided 
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1 

Jbo  keep  down  the  aust. 
B.   The  Generating  Plant. 

Eight  horizontal  Meetinghouse  turbo-gen- 
erator sets  are  provided  of  the  following  cacpaoity; 
Two  units  of  20,000  KW   =  40,000  KW 
Four  units  of  1£,500  XW  =  50,000  KW 
Two  units  of  10,000  KW   =   20,000  KW 

The  turbines  exhaust  into  condensers  lo- 
cated in  the  basement,  or  through  the  atmospheric 
relief  v&lve  into  the  opeh  air  exhaust;  circulat- 
ing water  is  taken  from  the  concrete  conduits  by 
centrifigal  pumps  located  in  the  basement  between 
the  turbine  foundations. 

100,000  KWA  at  11,000  volts  are  delivered 
to  the  station  buses.   The  generator  leads  are  run 
through  the  basement  to  n.otor  operated  oil  switches 
and  30  arranged  to  connect  any  alternator  either  to 
the  bus  or  direct  to  its  transformer,  then  through 
a  high  tension  oil  switch,  to  the  66,000  voltbuses 
on  the  second  gallery. 

The  entire  installion  is  controlled  from 
a  bench  board  on  the  first  gallery  overlooking  the 
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turbine  floor. 

The  oontroll  apparatus  in  energixed  from 
110  volts  D.C.   Powsr  buses  which  are  supplied  by 
two  turbine  driven  D.C.  generators.   Normally  the 
alternators  furnish  their  o^vn  field  excitation,  but 
they  also  can  receive  their  exciting  current  from 
these  D.  0.  busee  through  a  hand  operated  double  pole 
double  throw  switch.   Both  the  field  rheostats  and 

r 

the  turbine  governors  are  motor  operated  and  controll- 
ed from  the  gallery;  limit  switches  and  siQ,nal  lamps 
safe  guard  the  ccntroll  apparatus.   Inverse  time 
limit  overload  relays  protect  the  generators  and 
give  the  warning  to  the  operator  before  the  breakers 
open. 

Outdoor  allurr,inum  lighting  arresters  of 
G.E.  design  prevent  surges  and  high  frequency  ascil- 
lations  from  reaching  the  station  apparatus. 

The  sub-sta*  ions  v/ill  consist  of  four 
3800  KVA  outdoor  type  single  phase  transformers  as 
manufactured  by  the  Westinghcuse  Electric  &  Manufac- 
turing Gojiipany;  lighting  arresters  en  the  roof  of 
the  station  building  will  furnish  protection  on  the 
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^ 


'line  side,  while  time  limit  overload  relays,  set 
for  a  shorter  period  than  those  in  the  central 
station,  guard  against  trouble  frorfi  the  trolley 
aide. 
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